A modified magnetic multipolar plasma source is developed and tested for application as an ion thruster for space propulsion. The configuration consists of eight samarium-cobalt bar-magnets, symmetrically surrounding a cylindrical discharge volume of 21 mm diameter, with their magnetization in the radial direction. A donut magnet is placed at one axial end of the discharge volume with its magnetization along the cylindrical axis. A short monopole antenna, coaxial with the donut magnet is used for launching microwaves in the discharge volume. The resulting magnetic configuration due to the radial and axial magnetic fields, help in generation and sustenance of microwave induced electron cyclotron resonance plasma. Ions are extracted from the plasma by high voltage grids, attached to the end, opposite to the donut magnet. Two different magnetic configurations obtained by reversing the magnetization direction of the donut magnet are compared. Three dimensional magnetic field simulations and ion saturation current measurements at various microwave frequencies are used to determine the optimum magnetic configuration. Ion beam current extraction measurements, using the grids is carried out. Typical ion beam current of 9.9 mA is obtained, with calculated thrust of 0.63 mN at 8 W for 1600 MHz, with a Xenon mass flow rate of 20 g/s.
Introduction
Nano -satellites and mini -space probes have gained much popularity in the field of space science in recent times due to their low cost and short development time. However, use of traditional chemical propellants for space maneuvers has limited their miniaturization and payload capacity. Use of electric propulsion for such operations presents an attractive alternative due to their low fuel requirement and higher specific impulse. [1] [2] [3] Therefore, the development and understanding of compact low power electric propulsion systems is an active area of research. Among the various electric thrusters currently operational, ion thrusters provide the highest efficiency and specific impulse. 3) Traditionally, mini ion thrusters have been developed from filament based plasma sources, thereby limiting their life-time of operations. [4] [5] [6] [7] This may be overcome by employing wave induced plasma sources. Radiofrequency (RF) and microwave (MW) based plasma sources for propulsion has been developed by various researchers and space agencies around the world. [8] [9] [10] Most of these sources have large dimensions (> 10 cm in diameter) and require high power (P in > 500 W) and large neutral densities (p o ~ 1 -10 Torr) to initiate and sustain the plasma. Such sources usually have high ion current output, and are mostly suited for large scale applications.
The development of electron cyclotron resonance (ECR) based magnetostatically confined plasma sources operating in the MW regime have brought down the power (P in < 100 W) and neutral density requirements (p o < 10 mTorr). 8, 11) However, such sources are geometrically limited (~ 7 -10 cm diameter) by the cut-off requirement for MW propagation in the discharge chamber. This has restricted their use to medium size missions like the Hayabusa. In the Hayabusa mission, Pb_8 four such ECR ion sources called 10 had been used. 12) There are ongoing efforts to miniaturize the ECR sources for small satellite applications. One way to circumvent the geometrical cut-off restriction is to introduce an antenna made of low sputtering material (e.g., molybdenum) inside the miniature discharge chamber (diameter < 3 cm) with the magnetic field configuration so arranged that the ECR condition is satisfied close to the antenna. Such a configuration has been developed by Yamamoto et al., at Kyushu University. 13) The microwave (f in = 2.45 GHz) ion thruster output parameters obtained are, F t ~ 0.7 mN, I sp ~ 3585 s, u ~ 0.75, c ~ 727 W/A, and t ~ 0.57; for P in ~ 8 W at xenon f.r ~ 20 g/s. 13) Koizumi et al., 14, 15) at the University of Tokyo, has developed a micro-thruster called 1, capable of operating at P in ~ 1.0 W, with xenon f.r ~ 15-20 g/s, providing a thrust of F t ~ 0.30 mN, I sp ~ 1200 s, u ~ 0.37, c ~ 250 W/A. 14) Research is in progress to enhance the performance of the ion thruster by modification of the magnetic field, antenna shape, change of boundary conditions, etc. In this work, a radial multipolar type of magnetic confinement is tested as a possible plasma source, 15) with wave injection by an antenna. It is expected that the radial magnetic field confinement scheme would enhance the central plasma density along the discharge chamber axis, 16) thereby improving the performance of the ion thruster.
The paper is arranged as follows. Section 2 describes the schematic of the plasma source and the experimental setup. Section 3 deals with the variations of multipolar magnetic field configurations that are compared in this work. Experimental observations are reported in Section 4. Conclusions are drawn and the results are discussed in Section 5, with a roadmap indicating future work. Fig. 1. (a) shows the schematic of the ion engine. It consists of a cylindrical aluminum discharge chamber (DC) of 21 mm inner diameter (CD). It is bounded by an aluminum back plate (BP) and a soft iron front plate (FP). The FP has a large 18 mm orifice which can be varied from 4 mm to 18 mm by attaching 1 mm thin stainless steel orifice plates if required. Eight stainless steel pipes containing bar magnets (BM) of dimension 15 × 5 × 5 mm 3 surround the DC, and are held in position by two slotted rings (SR) of aluminum. The magnetization is along the radial direction, perpendicular to the DC axis. The BP has arrangement for attaching a microwave inlet (MI) feed through for attaching a linear molybdenum antenna (AT) and a gas inlet (GI) for introducing pure xenon gas into the DC. A soft iron block (SB) is attached to BP for axial containment of magnetic field lines, and also acts as a ground plane for AT. A donut magnet (DM) with its magnetic field along the axis of the ion engine is attached on SB, coaxial with AT to provide an axial magnetic field. A two grid extractor system of carbon can be attached on the front plate with a screen grid (SG) at the same high positive potential as the ion thruster (~ + 1.4 kV) and an isolated acceleration grid (AG) held at a negative potential of few hundred volts (~ -250 V) for extraction of ions and prevention of electron back-streaming resepectively 13) . There are 91 holes on the 0.3 mm thick grids, with SG hole diameter ~ 1.2 mm and AG hole diameter ~ 0.7 mm. The grids are separated by a distance of ~ 0.5 mm. The effective discharge chamber length CL is measured between SB and SG, and can be varied by attaching additional aluminum or iron blocks on the SB. The antenna length (AL) is also variable, and is measured from SB. The overall dimension of the ion thruster is ~ 50 × 50 × 50 mm 3 . For the current experiment, CL ~ 24 mm, and AL ~ 20 mm. Fig. 1. (b) shows the schematic of the experimental setup. The isolated ion thruster is placed inside a large vacuum chamber of diameter 60 cm and length of 100 cm, which is evacuated to a base pressure of 4 × 10 -6 Torr by a Turbo-Molecular and Rotary pump combination. Pure xenon (99.999%) is used as the working gas, with the flow controlled by a Brooks 5850S thermal mass flow controller. Microwave power in the frequency range 800 -1600 MHz is obtained from an Anritsu MG3660A signal generator (MXG) amplified by a solid-state amplifier (AMP). A DC block (DCB) isolates the thruster from the ground and also the microwave generator. A grounded aluminium mesh shields the thruster body from In the first part of the experiment, the ion saturation current is measured. In this case, the grids are replaced by a 10 mm orifice plate. A planar collector of 9 mm diameter is placed coaxially, just at the orifice exit to probe the plasma meniscus. 17) The collector is not moved inside the discharge chamber to prevent any major disturbance to the plasma. The area of the orifice and the collector are so chosen that the open area transparency is approximately equal to the setup with the grids. The collector acts as a planar Langmuir probe with one surface exposed to the plasma. A potential of V c = -30 V is imposed on the collector to attract the ions from the orifice and the collected current I c (= I is ) is recorded.
Experimental Setup

Magnetic Field Simulations
There are a few possible ways of arranging the magnets in the multipolar configuration, which would affect the radial and axial magnetic field distribution, and hence would influence the electron motion, the ECR region, and ultimately the plasma confinement. It may be noted that the microwave electric field due to the antenna in the discharge chamber is predominantly TEM, and in vacuum it is given by, 18) 
for r > b. In presence of plasma the variation is modified, but is not drastically different as seen earlier. 16 ) Therefore, it is desirable to have the magnetic field vector mostly perpendicular to E r for the maximum coupling between the electrons gyrating about the magnetic field lines and the microwave field. In order to understand the overall effect of a particular configuration, the MAGNUM code of the AMAZE simulation suite is used to generate |B o | magnitude contours and field lines in the radial and axial planes of the plasma source. Coupling this knowledge with the experimental observations would help in the search of the optimum configuration for the ion thruster. Several configurations were simulated and tested for plasma generation. The two best results are discussed here in details. Fig. 2 (a) shows the filled contour plot of |B o | in the polar plane at a distance of 7 mm from SB, coinciding with the median plane of the bar magnets. As shown by the bold arrows, the eight magnets are arranged in a homopolar manner with the magnetization axis pointing radially outwards. Small arrows show the magnetic field lines in the polar plane and demonstrate the resulting radial multipolar configuration. It may be noted that the minimum |B o | region is an annular region surrounding the axis lying in the gaps between the magnets. The radial field directed towards the magnetic surfaces provides a mirror mechanism that limits the radial electron loss towards the magnets. Fig. 2 (b) shows the magnetic field lines and contours in the half axial plane. The other half is a mirror reflection by symmetry. The contour scale in this plot is restricted to the ECR magnetic field values corresponding to the frequency range from 800 MHz ( 0.029 T) through 1200 MHz ( 0.043 T) to 1600 MHz ( 0.057 T). This plot provides an idea of the location of the ECR region with respect to the antenna. The ECR conditions cross the antenna axially at ~ 10.0 ± 0.5 mm from SB, and are at a radial distance of ~ 7.5 ± 1 mm from the antenna surface. There is a cusp structure near the donut magnet, which limits the loss of electrons to the SB. This configuration is designated as Configuration -I.
An alternate configuration is shown in Fig. 3 (a) and (b), where magnetization direction of DM is reversed. In this case, the minimum |B o | region is in an annular region inside the DC with both radial and polar component of the magnetic field present near the periphery [cf. Fig. 3 (a) ]. The difference with Config. -I is clearly observable in the axial ECR condition in Fig. 3 (b) . The ECR conditions for 800 and 1200 MHz have moved towards the tip of the antenna and the region corresponding to 1600 MHz is spread from 12 -15 mm along the axis. This configuration is designated as Configuration -II. The effect of the two magnetic field configuration is studied experimentally, and is reported in the following section.
Experimental Observations
The experiments are carried out at frequencies 800, 1200 and 1600 MHz, where the plasma generation is comfortable and good results were obtained in earlier experiments. The ion saturation current at V c = -30 V is recorded in the first part of the experiment. The performance of the two configurations are evaluated on the basis of I is output which is directly proportional to the ion density at the plasma meniscus, from where the ion beam current would be extracted in the full ion thruster configuration with the grids. Fig. 4 shows the variation of I is with P in for the three experimental frequencies at xenon mass flow rate of 20 g/s for the two configurations. Overall, I is increases with P in and the trend is same at other flow rates. For Config. -I, maximum I is is observed at 1200 MHz. This can be understood from Fig. 2 (b) , which shows that the width of the ECR region corresponding to 1200 MHz crossing the antenna is more compared to 800 and 1600 MHz. This implies that the electrons have a larger region of ECR interaction at 1200 MHz. Also the radial region is broader for 1200 MHz, thereby making it the optimum frequency for Config. -I.
In Config. -II, the frequency trend is different compared to Config. -I (cf. Fig. 4 ). In this case, 1600 MHz is the optimum frequency, with I is more than twice of 1200 MHz. This can be explained from Eq. 1, and Fig. 3 (b) . Since the radial electric field is reduced towards antenna tip, the ECR energy transfer at 800 and 1200 MHz is much less compared to the 1600 MHz case. For the same reason, the performance of Config. -I at 800 and 1200 MHz is better than Config. -II, since the ECR region crosses the antenna nearer to the center [cf. Fig. 2 (b) ]. Also the increased loss of the high energy electrons near the exit region has some contribution towards the lowering of I is .
The Fig. 4 for I is . For the 1600 MHz case, the dependence of I b on the xenon mass flow rate at 10, 20 and 35 g/s is shown. Overall, I b increases with increase in the flow rate, but at higher flow rates, the increase is limited. Also, with increase in input power, I b saturates in contrast to the behavior of I is in Fig. 4 . This behavior may be attributed to the space charge limitation effect of the extraction grids, i.e. the grids are unable to extract anymore ions, and increasing the plasma density does not increase I b .
The dependence of I b on mass flow rate is demonstrated in Fig. 6 at fixed powers of 4 and 8 W for 1600 MHz, and at 8 W for 1200 MHz. The current is seen to saturate very fast in case of 8 W at 1600 MHz compared to the other conditions. Again, the primary cause of the saturation seems to be the space charge limitation of the extracting grids since the saturation occurs at 8 W, 1600 MHz (higher plasma density).
Assuming the ions to be predominantly singly charged, the thrust parameters can be estimated using the standard relations 3) . Taking the case of Config. -II, 1600 MHz, 20 g/s, 8 W, where I b = 9.9 mA, the calculated thrust parameters are F t ~ 0.63 mN, I sp ~ 3212 s, u ~ 0.67, c ~ 812 W/A, and t ~ 0.55. The thrust performance is 10 % lower than that obtained by Yamamoto et. al. 13) under similar conditions, but with grid spacing ~ 0.25 mm compared to 0.5 mm in the current experiment.
Conclusion and Discussion
Plasma is successfully generated and sustained in the multipolar magnetic configuration in miniature geometry. Ion saturation current is measured at various input conditions and it is observed that Config. -II [cf. Fig. 3 (a) and (b)] with 1600 MHz is a better configuration. Ion beam current was extracted using grids, with the screen grid at 1400 V and acceleration grid at -250 V. An ion beam current of 9.9 mA was obtained at 8 W for 20 g/s xenon flow rate, corresponding to a thrust of 0.63 mN and specific impulse of 3212 s. There is scope for further improvement of the performance.
The ion beam current is observed to be saturated at higher powers (Fig. 5 ) due to space charge limitation effect. Hence, increasing the electric field strength between the grids would enhance the overall performance of the thruster. However, the voltage that can be applied is limited by several of the involved components, especially the microwave DC block. Hence, the grid spacing must be reduced to increase the electric field between the grids as an alternative. Efforts are underway currently to reduce the grid spacing from 0.5 mm to 0.25 mm, while taking care of breakdown problem between the grids.
Since, the antenna type (linear vs. star) 19) and the grid separation distance (0.5 mm vs. 0.25 mm) in this work are different from the configuration used by Yamamoto et al.; 13) it is difficult to compare the performances. However, if the current configuration is used as an electron neutralizer by replacing the grid by an orifice plate, then it may be possible to compare it to a linear antenna based neutralizer using a magnetic configuration similar to Ref. 13. 20) Therefore, utilizing Config. -II, an electron current I e ~ 25 mA is obtained by a collector at V c ~ + 30 V placed 10 mm downstream from a 5 mm diameter orifice, with f in ~ 1600 MHz, P in ~ 2 W, and f.r ~ 5 g/s. The electron current is about 32% more than I e ~ 19 mA obtained under similar conditions in Ref. 20 . The higher electron current may be attributed to the enhanced electron density in Config. -II. It is anticipated that, this enhanced electron density will also augment the ion density.
A study on antenna length and type, and discharge chamber length is underway to study the microwave interaction with the plasma, using reflection coefficient measurements. 21) 
